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Differences in nephropathogenicity between Escherichia coli strains were
studied by following the kinetics of the viable count in the mouse kidney during
8 h after intravenous injection. Assuming as a reference point that at zero time
0.1% of the inoculum was lodged in the kidney, we found that strains fell into
three main groups with different behavior patterns: in group I, the viable count
fell and remained low; in group II, the viable count first fell and then rose after 4
h, reaching the level of the reference point within 8 h; in group III, the viable
count rose rapidly and remained high. The kinetics of the viable counts were also
studied in blood, spleen, and liver: group I and II strains behaved similarly; only
in the kidney did group II strains show higher counts than group I strains. These
data suggest that group II strains are specifically virulent for the mouse kidney.
Group III strains also gave higher viable counts in blood and spleen but compa-
rable counts in the liver, suggesting that group III strains are more generally
virulent. Fifty percent lethal dose measurements confirmed the conclusion that
group I strains are avirulent and group III strains are the most virulent. Possible
relationships between behavior pattern and serotype are discussed.

Escherichia coli is by far the commonest in-
fecting organism in urinary tract infections, es-
pecially in acute episodes, when it accounts for
about 80% of the cases. Urinary bacteria com-
monly originate in the patient's own bowel, and
infection occurs mostly via the so-called ascend-
ing route (4). There are, however, still two dif-
ferent views about the nature of the infecting
strains. According to the "prevalence theory,"
the E. coli strains causing infection are those
predominant in the feces (3, 12, 21), whereas
according to the "special pathogenicity theory"
the infecting E. coli strains belong to a select
group with properties which specially allow
them to infect the urinary tract. With regard to
this special pathogenicity theory several authors
have suggested a more or less positive correla-
tion between nephropathogenicity and, for in-
stance, serogroup (6), possession of K-antigen
(13, 18, 19, 33), the amount of K-antigen present
(9, 17, 24, 26), hemolysis (5, 8), adhesion (14, 31),
serum sensitivity (13, 20), and dulcitol fermen-
tation (13, 19, 33).
The purpose of the present study was to de-

termine-possible differences in nephropathoge-
nicity between different E. coli strains in a more
quantitative way. We found it impossible to
measure 50% kidney infective dose, because un-
fortunately the dose required to develop pyelo-
nephritis lay close to the 50% lethal dose (LD50)

so that many mice died from bacteremia within
48 h (10; unpublished data). Thus, we decided
to measure the kinetics of the viable count in
the mouse kidney after intravenous (i.v.) injec-
tion (10, 11, 23).

MATERIALS AND METHODS

Bacterial strains. Most of the 26 E. coli strains
used in this study were isolated from domiciliary uri-
nary infections in younger women in England and in
The Netherlands. The strains were biotyped by the
Enterotube system (Roche, Basel, Switzerland) and
the API 20E system (API system S.A., Montalien
Vercien, France). All strains were sensitive for a range
of seven antibiotics. Serotyping was performed by
standard techniques at the International Escherichia
Centre, Copenhagen.
Behavior pattern determination in the mouse

kidney. Strains were grown with agitation in nutrient
broth (Oxoid, London, England) to yield 109 late-log-
phase cells per ml and were centrifuged and resus-
pended in quarter-strength Ringer solution. At zero
time 10 female Swiss mice (Swiss-Random, TNO,
Zeist, The Netherlands), aged 8 weeks and weighing
about 25 g, were injected i.v. in the tail with 2.5 x 108
cells of the E. coli strain to be tested, which were
suspended in 0.5 ml of quarter-strength Ringer solu-
tion. At different times after injection, up to 8 h, two
mice were killed. The kidneys were removed asepti-
cally and homogenized separately in a total volume of
5 ml of quarter-strength Ringer solution (Thomas
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Tissue Grinder, Philadelphia, Pa.). Serial dilutions of
these suspensions were plated out on eosin-methylene
blue agar plates (Oxoid), and the viable count per
kidney was calculated as the mean of the viable counts
of each of the four kidneys. Each strain was tested this
way at least twice. The two remaining mice per exper-
iment were observed to see whether they survived the
inoculum.

Behavior pattern determination in mouse
blood, spleen, and liver. The kinetics of the viable
count in blood, spleen, and liver were determined as
described for the kidney. Blood was sampled from the
thoracic cavity after incision of the heart and collected
in a drop of heparin (Thromboliquine, Organon Tek-
nika, Oss, Holland). Spleens were homogenized in a
total volume of 5 ml, and livers were homogenized in
a total volume of 10 ml, of quarter-strength Ringer
solution.

Determination of LD50. Log-phase bacterial cells
resuspended in quarter-strength Ringer solution were
injected i.v. in serial dilutions into groups of 8-week-
old male Swiss mice, each group containing six mice.
Injection of quarter-strength Ringer solution on its
own did not give rise to deaths. After 14 days the
LD5&s were calculated according to the method of
Spearmann and Karber (7).
Serum sensitivity test. For estimation of the bac-

tericidal activity of mouse serum, we followed the
technique described by Taylor et al. (32), with some
minor alterations. An overnight culture in nutrient
broth was diluted in fresh nutrient broth and grown at
370C with agitation to a density of about 5 x 108 cells
per ml. This culture was washed once and resuspended
in 0.05 M tris(hydroxymethyl)aminomethane-hydro-
chloride buffer (pH 8.4) to a density of 103 cells per
ml. One milliliter of this suspension was added to 3 ml
of pooled mouse serum and incubated at 370C with
agitation. Viable counts were measured 0, 1.5, and 3 h
after incubation. Serum was collected freshly and ste-
rility was checked.
Serum agglutinin determination. After incuba-

tion overnight, bacteria were scraped from a nutrient
agar plate and suspended in 0.9% NaCl to a density of
approximately 8 x 108 cells per ml.

Serial dilutions were made from freshly collected
pooled mouse serum in 0.5 ml of saline. To each
dilution 0.5 ml of the bacterial suspension was added,
and agglutination was read after incubation overnight
at 500C.

RESULTS
Determination of the kinetics in the kid-

ney. With the experimental model described
above, it was possible to divide the E. coli strains
into four different groups with distinct behavior
patterns. These behavior patterns are shown in
Fig. 1 through 4. In these figures each line rep-
resents one E. coli strain. The arrows at zero
time do not represent an exact viable count in
the kidney; they indicate a reference point, based
on the assumption that at zero time 0.1% of the
inoculum was lodged in the kidney.

Figure 1 shows the behavior pattern of group

I strains. The viable count per kidney of these
strains fell rapidly and remained low for 8 h at
approximately 104 living cells. In Fig. 2 the viable
counts are shown for the strains belonging to
group II. There was, again, a comparable decline
in the viable counts per kidney; however, after
about 4 h they began to rise and reached the
level of the reference point by 8 h.

In Fig. 3 the pattern of group III strains is
shown; it differs from the first two patterns in
that the viable count per kidney in this group
rose rapidly and remained high at 106 to 107
living cells. Mice injected with these strains of-
ten died quickly (dashed lines).

Figure 4 shows the pattern of group IV strains.
Here the viable count per kidney was relatively
high after 15 min and remained approximately
at the level of the reference point. The group IV
pattern lies between the patterns of groups II
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FIG. 1. Behavior patterns in the mouse kidney of
group I strains after i.v. injection. CFU, Colony-form-
ing units.
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FIG. 2. Behavior patterns in the mouse kidney of
group II strains after i.v. injection. CFU, Colony-
forming units.
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FIG. 4. Behavior patterns in the mouse kidney of
group IV strains after i.v. injection. CFU, Colony-
forming units.

and III but is distinct from both. It is not clear,
however, whether this small group (only three
strains) represents a specific pattern.

Figure 5 summarizes the behavior patterns in
the mouse kidney of the three major groups (I,
II, and III). Each line represents the mean of the
various strains within one group. The differences
between these three groups are very obvious.
Determination of the kinetics in blood,

spleen, and liver. To find out whether these
different behavior patterns in the mouse kidney
(Fig. 5) are a reflection of differences in a specific
virulence for the mouse kidney or merely a
reflection of differences in a general virulence,
we carried out similar experiments in which we
followed the viable count in blood, spleen, and
liver. The results are shown in Fig. 6, 7, and 8,
respectively, each line representing the mean
values of five strains belonging to one group (I,
II, or III). Comparison of the kinetics of the

viable counts in kidney, blood, spleen, and liver
(Fig. 5 through 8) shows that group I and II
strains only behaved differently in the kidney,
giving similar counts in blood, spleen, and liver.

16 These results indicate that the group II strains
are specifically virulent for the mouse kidney.
Furthermore, the group III strains gave higher
counts than group I and II strains in kidney,
blood, and spleen, indicating that group III
strains show a more general virulence.
LD50 determination and killing rate. We

also studied the LD5ws of these strains after i.v.
injection (Fig. 9). The points in this figure rep-

; ~8 resent the LD5os of strains, arranged according
to the behavior groups to which they belong.

use kidney of Most of the strains belonging to group I did not
YFU, Colony- kill any mice, even after an injection of more

than 109 cells. The group II strains showed LD50s
somewhat lower than 108 cells, whereas the
strains belonging to group III showed LD5&s of
about 107 cells or less. By statistical analysis

22 with the Kruskal-Wallis test at the significance
level a = 5%, the hypothesis that the LD5os of

23 groups I, II, and III are equal was rejected.
According to the method of Dunn for multiple
comparisons, only groups I and III could be

24 shown to be significantly different (16). The
small number of strains per group might explain
why a significant difference between the LD5os
of groups I and II, on the one hand, and groups
II and III, on the other, could not be demon-
strated.

7 8 During behavior pattern determinations, we
also observed differences between these three
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FIG. 5. Mean ofthe behaviorpatterns in the mouse
kidney of strains belonging to groups I, II, and III.
CFU, Colony-forming units.
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FIG. 6. Kinetics of the viable count ofgroup I, II,
and III strains in the blood after i.v. injection. Mean
of five strains per group. CFU, Colony-forming units.

groups in survival times after i.v. injection of 2.5
x 10' cells. Group I strains very rarely gave rise
to deaths: no deaths were observed within 8 h,
and only 10% of the mice were killed within 14
days. Group II strains killed 80% of the mice
within 4 days and only 10% within 8 h. Group
III strains killed most of the mice (90%) within
8 h after injection.
Geographical origin. The strains used in

this study were mostly isolated from domiciliary
infections in England and in The Netherlands.
It was noticed that representatives of all four
groups of strains with different patterns in the
mouse kidney were found in both collections.
Serotyping of isolates. The results of the

serotyping are shown in Table 1. All strains with
the same serotype, even from different countries,
fell into the same group. It is striking that all
the 075 strains except one fell into group I,
whereas all the 06 strains fell into groups II and
III. With regard to the K antigens, all the 06:K2
strains were assigned to group II, but all
the 06:K23 strains were assigned to group III.
On the other hand, it should be noted that we
found K- strains in all four groups. Further-
more, an 06:K- strain was also found in group
II, the 075:K-:H5 strain belonged to group I,
and both 018ac:K+ and 018ac:K- strains be-
longed to group III.

Biotyping of isolates. No clear correlation
was found between the four behavior patterns
and either the biotypes or the ability to ferment
dulcitol.
Serum sensitivity and serum agglutinins.

No bactericidal activity of mouse serum was
observed. All the strains used in this study grew
in vitro in mouse serum within 3 h. Nor were
marked serum agglutinins observed in the sera
of the mice used in this study. Against the
018ac:K+ strain, belonging to group III, the
serum agglutinin titer was 1:16; for the other
strains the titer was 1:2 or less.

DISCUSSION
The finding of three or possibly four distinct

groups of E. coli strains with different behavior
patterns in the mouse kidney is not inconsistent
with the observations of Harle et al. (15) and
MacLaren (23). They both found two different
patterns in comparable experiments, but they
tested only a few strains. Gorrill and co-workers
(10, 11) only tested one strain.
When we consider the behavior of the three

groups with the most obviously different behav-
ior patterns in the mouse kidney (Fig. 5) and
take into account the different kinetics of the
viable counts in blood, spleen, and liver (Fig. 6
through 8) and the differences in LD5os (Fig. 9)
and survival times, we can draw the following
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FIG. 7. Kinetics of the viable count ofgroup I, II,
and III strains in the spleen after i.v. injection. Mean
offive strains per group. CFU, Colony-forming units.
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FIG. 8. Kinetics of the viable count of group I, II,
and III strains in the liver after i.v. injection. Mean
offive strains per group. CFU, Colony-forming units.

conclusions. The group I strains are avirulent,
with relatively low counts in kidney, blood, and
spleen, and they rarely kill the mice. The group
II strains are more virulent, with rather high
counts in the kidney 8 h after injection but
relatively low counts in blood and spleen, and
they often kill the mice. The group III strains
are the most virulent of all, with high counts in
the kidney, blood, and spleen immediately after
injection, and they rapidly kill most of the mice.
All three groups of strains gave similar high
counts in the liver, presumably because of a
rapid adhesion to the Kupffer cells in the liver
(25). As shown in Results, it is likely that group
II strains are specifically virulent for the mouse
kidney, because in contradistinction to group I
strains they can establish themselves and mul-
tiply in the kidney. However, group III strains
show a more general virulence for mice, with
high counts in kidney, blood, spleen, and liver,
so that most of the animals die rapidly. This
indicates that the mice are unable to cope with
these strains, regardless of the reason.
The reason for the different behavior patterns

still needs to be investigated. The differences in
behavior patterns could not be explained by
differences in sensitivity for mouse serum or by
the presence of serum agglutinins against the E.
coli strains used.

All the strains used in this study were isolated

from urinary infections. On the assumption that
mouse virulence is comparable to human viru-
lence, it is tempting to speculate that the aviru-
lent group I strains have had the opportunity to
infect the urinary tract by a (temporary) de-
crease in the host defenses. By the same token
the 075 strains, mainly found in group I, can fit
into the prevalence theory, which seems to be
supported by the finding of Mabeck et al. (22)
that 075 strains rarely involved the kidney. On
this line of the argument, the strains of the other
more virulent groups can be considered to have
infected the urinary tract in part because of their
enhanced virulence, in accordance with the spe-
cial pathogenicity theory. This latter suggestion
is supported by the finding that all the 06 strains
fell into groups II and III. Even supporters of
the prevalence theory suggest that E. coli 06
may be especially pathogenic for the urinary
tract (12, 29).

Furthermore, it is striking that all the 06:K23
strains fall into group III, whereas all the 06:K2
strains belong to group II. K23 has been found
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Serotypes

O1:K51:H7
0117:K-:H-
075:K95:H5
075:KlOO:H5 (2)"
075:KlOO:H-
Rough:K-:H27
Rough:K+:H-

04:K3:H?
06:K2:H1 (4)
06:K-:H?
075:K-:H5

06:K23:H1 (3)
06:K23:H?
06:K+:H-
018ac:K+:H-
018ac:K-:H-
033:K+:H8

O?:K3:H5
Rough:K-:H2
Rough:K+:H7

a Number in parentheses is number of isolates with
the same serotype.

to cross-react with K13, indicating a close rela-
tionship between these antigens (28). 06:K13
has often been found in urinary tract infections
(2, 30), especially in cystitis (18). On the other
hand, 06:K2 strains are frequently found in
cases of acute pyelonephritis (17, 18, 22). It
should be interesting to see if additional strains
of the same serotypes will behave similarly.
Work along this line is in progress.
As far as the H antigens are concerned, we

feel that the relatively high incidence of H1
strains in groups II and III and of H5 strains in
group I is due more to the greater frequency of
the 06-Hi and 075-H5 combinations in general
than to the H antigen itself (1, 22, 27).

It should be emphasized here that correlations
between behavior pattern in the mouse kidney
and serotype do not necessarily mean that this
pattern is determined by the antigenic structure
itself. The pattern may be a character that can

be traced by serotyping. It is not certain whether
the strains used in this study came from cystitis
or from pyelonephritis, because it is difficult to
establish this on the basis of clinical data alone.
In further studies it will be necessary to deter-
mine which strains have invaded the kidney and
which have remained confined to the bladder.
Many authors suggest that not merely the

presence of K-antigen but also the amount is

important in nephropathogenicity (9, 17-19, 24,
26). The finding of K- strains in our virulent
groups does not support this suggestion.
Whether the amount ofK antigen in K+ strains
influences their virulence in our experimental
model is under study.

ACKNOWLEDGMENTS
We are very grateful to F. 0rskov and I. 0rskov, Statens

Seruminstitut, Copenhagen, for serotyping the strains and for
helpful discussions. The skillful technical assistance of P. C.
Kreuning, P. Postma, and W. F. Schouten is acknowledged.
We thank Ir. C. de With of the Department of Medical
Statistics, Free University, for statistical analysis and discus-
sions.

LITERATURE CITED
1. Bettelheim, K. A. 1978. The sources of 'OH' serotypes of

Escherichia coli. J. Hyg. 80:83-113.
2. Bettelheim, K. A., and J. Taylor. 1969. A study of

Escherichia coli isolated from chronic urinary infection.
J. Med. Microbiol. 2:225-236.

3. Brumfitt, W., M. C. Faiers, D. S. Reeves, and N.
Datta. 1971. Antibiotic resistant Escherichia coli caus-
ing urinary tract infection in general practice: relation
to faecal flora. Lancet i:315-317.

4. Cooke, E. M. 1974. Escherichia coli and man, p. 3146.
Churchill Livingstone, Edinburgh.

5. Cooke, E. M., and S. P. Ewins. 1975. Properties of
strains of Escherichia coli isolated from a variety of
sources. J. Med. Microbiol. 8:107-111.

6. Dootson, P. H., D. M. MacLaren, and D. H. M. Tit-
combe. 1973. The distribution of urinary O-groups of
Escherichia coli in urinary infections and in the normal
faecal flora, p. 139-145. In W. Brumfitt and A. W.
Asscher (ed.), Urinary tract infection. Oxford University
Press, London.

7. Finney, D. J. 1971. Statistical method in biological assay,
2nd ed., p. 524. Griffin, London.

8. Fried, F. A., C. W. Vermeulen, M. J. Ginsburg, and
C. M. Cone. 1971. Etiology of pyelonephritis: further
evidence associating the production of experimental
pyelonephritis with hemolysis in Escherichia coli. J.
Urol. 106:351-354.

9. Glynn, A. A., W. Brumfitt, and C. J. Howard. 1971.
K-antigens of Escherichia coli and renal involvement
in urinary tract infections. Lancet i:514-516.

10. Gorrill, R. H. 1965. The fate ofPseudomonas aeruginosa,
Proteus mirabilis and Escherichia coli in the mouse
kidney. J. Pathol. Bacteriol. 89:81-88.

11. Gorrill, R. H., K. M. Klyhn, and E. M. McNeil. 1966.
The initiation of infection in the mouse kidney after
intravenous injection of bacteria. J. Pathol. Bacteriol.
91:157-172.

12. Gruneberg, R. N., D. A. Leigh, and W. Brumfitt. 1968.
Escherichia coli serotypes in urinary tract infection:
studies in domiciliary, antenatal and hospital practice,
p. 68-79. In F. O'Grady and W. Brumfitt (ed.), Urinary
tract infection. Oxford University Press, London.

13. Guze, L B., J. Z. Montgomerie, C. S. Potter, and G.
M. Kalmanson. 1973. Pyelonephritis. XVI. Correlates
of parasite virulence in acute ascending Escherichia
coli pyelonephritis in mice undergoing diuresis. Yale J.
Biol. Med. 46:203-211.

14. Hanson, L. A., S. Ahlstedt, A. Fasth, U. Jodal, B.
Kaijser, P. LarIson, U. Lindberg, S. Olling, A.
Sohl-Akerlund, and C. Svandborg-Eden. 1977. An-
tigens of Escherichia coli, human immune response,
and the pathogenesis of urinary tract infections. J.

TABLE 1. Serotypes of the strains studied, arranged
according to the behavior groups to which they

belong
Behavior pattern

I

II

III

IV

VOL. 25, 1979



74 VAN DEN BOSCH, DE GRAAFF, AND MACLAREN

Infect. Dis. 136(Suppl.):S144-S149.
15. Harle, E. M. J., J. J. Bullen, and D. A. Thomson. 1975.

Influence of oestrogen on experimental pyelonephritis
caused by Escherichia coli. Lancet ii:283-286.

16. Hollander, M., and D. A. Wolfe. 1973. Nonparametric
statistical methods, p. 114. John Wiley & Sons, New
York.

17. Kaijser, B. 1973. Immunology of Escherichia coli: K
antigen and its relation to urinary tract infection. J.
Infect. Dis. 127:670-677.

18. Kaijser, B., L. A. Hanson, U. Jodal, G. Lidin-Janson,
and J. B. Robbins. 1977. Frequency of E. coli K
antigens in urinary-tract infections in children. Lancet
i:663-664.

19. Kalmanson, G. M., H. J. Harwick, M. Turck, and L.
B. Guze. 1975. Urinary tract infection; localisation and
virulence of Escherichia coli. Lancet i: 134-136.

20. Kimball, H., M. Garcia, and R. G. Petersdorf. 1964.
The epidemiology of nonenteric Escherichia coli infec-
tions. II. Relationship of prevalence of E. coli in urinary
infections to the bactericidal effect of human serum. J.
Lab. Clin. Med. 63:901-906.

21. Kimball, H., M. Turck, and R. G. Petersdorf. 1964.
The epidemiology of nonenteric Escherichia coli infec-
tions. III. Relationship of E. coli antigens to experimen-
tal pyelonephritis. J. Lab. Clin. Med. 63:907-913.

22. Mabeck, C. E., F. Orskov, and I. Orskov. 1971. Esch-
erichia coli serotypes and renal involvement in urinary
tract infections in children. Lancet i: 1312-1314.

23. MacLaren, D. M. 1975. Pyelonephritis and coliform in-
fections of the urinary tract. Lancet ii:556.

24. McCabe, W. R., P. C. Carling, S. Bruins, and A.
Greely. 1975. The relation of K antigen to the virulence
of Escherichia coli. J. Infect. Dis. 131:6-10.

25. Mims, C. A. 1977. The pathogenesis of infectious disease,
p. 80-84. Academic Press, London.

26. Nicholson, A. M., and A. A. Glynn. 1975. Investigation
of the effect of K antigen in Escherichia coli urinary
tract infections by use of a mouse model. Br. J. Exp.
Pathol. 56:549-553.

27. Orskov, F., and I. Orskov. 1975. Escherichia coli O:H
serotypes isolated from human blood. Acta Pathol. Mi-
crobiol. Scand. Sect. B 83:595-600.

28. Orskov, I., F. Orskov, B. Jann, and K. Jann. 1977.
Serology, chemistry, and genetics of 0 and K antigens
of Escherichia coli. Bacteriol. Rev. 41:667-710.

29. Roberts, A. P., J. D. Linton, A. M. Waterman, P. E.
Gower, and K. G. Koutsaimanis. 1975. Urinary and
faecal Escherichia coli 0-serogroups in symptomatic
urinary-tract infection and asymptomatic bacteriuria.
J. Med. Microbiol. 8:311-318.

30. Spencer, A. G., D. Mulcahy, R. A. Shooter, F. W.
O'Grady, K. A. Bettelheim, and J. Taylor. 1968.
Escherichia coli serotypes in urinary-tract infection in
a medical ward. Lancet ii:839-842.

31. Svanborg-Eden, C., L. A. Hanson, U. Jodal, U. Lind-
berg, and A. Sohl-Akerlund. 1976. Variable adher-
ence to normal human urinary-tract epithelial cells of
Escherichia coli strains associated with various forms
of urinary-tract infection. Lancet ii:490-492.

32. Taylor, P. W., A. P. Roberts, and P. E. Gower. 1972.
Evaluation of a technique for the estimation of serum
bactericidal activity against Gram-negative organisms.
Med. Lab. Technol. 29:272-279.

33. Wong, W. T., and K. A. Bettelheim. 1976. Serotypes of
Escherichia coli from urinary tract infections in Hong
Kong. Zentralbl. Bakteriol. Parasitenkd. Infektionskr.
Hyg. Abt. 1 Orig. Reihe A 236:481-486.

INFECT. IMMUN.


